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Figure 7 - Dialog Showing Allpass Filter Fitter options and Final Filter Evaluation 
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Figure 10 - A Three-Section (Sixth Order) Digital Allpass Filter 
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DIGITAL GROUP DELAY COMPENSATOR 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims the bene?t of US. Provi 
sional Patent Application 60/416,705, ?led Oct. 7, 2002, the 
entire contents of Which are incorporated herein by refer 
ence. 

BACKGROUND OF THE INVENTION 

[0002] This invention pertains generally to sampled-data 
systems: systems containing at least a subsystem consisting 
of an analog input signal, some analog hardWare, an analog 
to-digital converter (ADC), a processing element such as a 
digital signal processor (DSP) and a processed output signal 
in digital form. 

[0003] This invention pertains speci?cally to such systems 
in Which the phase characteristic is sub optimum. Phase is of 
particular interest because While magnitude response speci 
?cations can often be stated clearly, phase speci?cations 
often cannot. Magnitude response speci?cations are often 
made directly in the frequency domain. In other Words, the 
speci?cations are a speci?c statement of desired magnitude 
response at particular frequencies. Filters designed to com 
pensate magnitude response are most often speci?ed, 
designed, and evaluated in the frequency domain. HoWever, 
this is not necessarily the case for phase. Generally speak 
ing, the requirement for phase response is that it be linear. 
This is because group delay, Which is just another Way of 
looking at phase, is de?ned as: 

d Equation 1 
GD(w) : — %<I>(w) 

[0004] Where (I) is the phase. Group delay is the time delay 
that a frequency component experiences as it passes through 
a system. Linear, negative phase means that the group delay 
is a constant at all frequencies (i.e. the entire signal expe 
riences only a time shift as it passes through the system). The 
statement of group delay and phase are essentially equiva 
lent and both Will be used interchangeably. 

SUMMARY OF THE INVENTION 

[0005] Although the achievement of constant group delay, 
or linear phase is the basic goal of a phase compensation 
system, the inventor of this application has determined that 
several problems can arise. 

[0006] These problems are best illustrated With an 
example. FIG. 2 shoWs the step response of the LeCroy® 
WaveMaster® 8600A. (WM8600A or simply 8600A) Digi 
tal Sampling Oscilloscope (DSO). This DSO is a 6 GHZ 
bandWidth, 20 GS/s scope (Which at the time of this Writing 
is the highest performance real-time DSO in the World). The 
step shoWn is the response of the DSO to a step applied using 
a Picoseconds Pulse Labs (PSPL) 1110-C pulser that pro 
vides risetimes of 32 ps. The magnitude response of the 
8600A is a fourth order Bessel response out to the —3 dB 
point at 6 GHZ. FIG. 2 shoWs a measurement of the 
overshoot, Which is a tolerable 20% (in line With most 
high-end DSOs), but the measured risetime is 114 ps. 
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[0007] While inexact, for the purpose of these discussions, 
risetimes Will be assumed to add in quadrature. This means 
that the folloWing equation is obeyed: 

V 2 2 - trise(measured) trise?nstrument) +trise(applied) Equatlon 2 

[0008] Using Equation 2, the internal instrument risetime 
is calculated as 109 ps. 

[0009] For systems With a magnitude response roll-off 
characteristic as the 8600A, theory predicts a bandWidth 
risetime multiplier of 0375-05 With an acceptable multi 
plier being about 0.45. This system has a multiplier of 0.654. 
Said differently, With the assumption of an 0.45 multiplier, 
the system has an internal risetime commensurate With a 
bandWidth of 4.1 GHZ. 

[0010] The group delay characteristics of the channel is 
measured and shoWn in FIG. 5, it can be seen that the group 
delay is not constant, but rather approximates a poWer curve 
that reaches 300 ps of delay at 6 GHZ. The phase response, 
therefore, is extremely poor, and is thought to be the reason 
for the poor risetime performance. 

[0011] To address this situation, this group delay is com 
pensated through the use of an allpass ?lter. An allpass ?lter 
is designed to compensate for the group delay shoWn in 
FIG. 5. The result of this compensation is shoWn in FIG. 3. 
FIG. 3 shoWs troubling results. The risetime is very loW and 
the overshoot is greatly reduced, but there is unWanted 
behavior preceding the step edge. The group delay compen 
sation actually delays the edge by approximately 400 ps. The 
scope softWare accounts for this delay by shifting the 
Waveform to maintain the proper trigger position. But to the 
scope user, it appears that the channel is acausal since the 
channel seems to react to the edge before it arrives. This 
behavior is called preshoot. It seems that group delay 
compensation is incorrect. 

[0012] The entire frequency response has therefore been 
ideally compensated from the theoretical point of vieW, but 
the step response is not ideal. This is often the case in 
high-speed designs because of non-linear effects and other 
poorly understood hardWare behavior, etc. The solution to 
this speci?c problem is to modify the allpass ?lter coef? 
cients until the step response is good. 

[0013] NoW, assume for the moment that it is possible to 
design an allpass ?lter design that is capable of optimiZing 
the response. For the example provided, this means that 
there is an allpass ?lter that optimiZes the risetime Without 
providing too much preshoot. The current state of the art 
dictates that such a ?lter Would be designed by trial and 
error, randomly adjusting ?lter coef?cients. The result of 
such a design might provide a result as shoWn in FIG. 4. 
FIG. 4 shoWs a response Where the preshoot is a minor 
1.4%. The overshoot is 13.4%, Which is very good. The 
measured risetime is 80 ps, Which translates to 73.3 ps 
internal risetime. The system has a bandWidth risetime 
multiplier of 0.44, Which is adequate. It is yet undetermined 
hoW an allpass ?lter With this performance could be 
designed Without selecting coef?cients randomly. 

[0014] This example illuminated several problems in the 
state of the art that the inventor of this application has 
determined need to be addressed: 

[0015] 1. In many systems, the best phase response that 
optimiZes system performance is not clear. 
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[0016] 2. Systems designed for different purposes have 
different criteria in the measurement of optimum perfor 
mance. 

[0017] 3. Since allpass ?lters are designed in accordance 
With a desired group delay characteristic, it is unclear hoW 
to design such a ?lter if the desired group delay character 
istic is unknoWn. 

[0018] 4. Group delay, the speci?cation for an allpass ?lter 
design, is a frequency domain characteristic of a linear 
system. Systems containing (even slightly) nonlinear ele 
ments may exhibit poor correlation betWeen frequency 
domain and time domain behavior. 

[0019] 5. System group delay characteristics may be 
bumpy (as in FIG. 5) Which creates dif?culty in providing 
an exact compensation. It is unclear hoW errors in the 
compensation manifest themselves in the time-domain per 
formance. 

[0020] This invention therefore involves the development 
and insertion of a digital signal processing (DSP) element 
(or digital ?lter) in the signal path of a sampled system, 
betWeen the ADC and any other doWnstream processing of 
the digitiZed Waveform. 

[0021] This invention assumes that the channel being 
digitiZed already matches a prescribed magnitude response 
characteristic, either inherently or through the use of digital 
?lters for magnitude compensation. The primary assumption 
is that the response characteristics of the channel are sub 
optimum due to non-ideal group delay, or phase response 
and that it is desirable to improve these characteristics. 

[0022] It is the object of this invention to provide a system 
for group delay compensation Which: 

[0023] 1. Provides optimum system performance, and 
therefore the best phase response, Without the need to 
specify the phase response directly. 

[0024] 2. Provides a mechanism to specify optimum per 
formance by directly stating the desired characteristics. 

[0025] 3. AlloWs tradeoffs betWeen various response char 
acteristics. 

[0026] 4. UtiliZes allpass ?lters even When the desired 
group delay characteristic is unknoWn. 

[0027] 5. Is usable even in the presence of poorly under 
stood or non-linear channel characteristics. 

[0028] 6. Is relatively insensitive to the exactness of the 
phase compensation to time-domain or other performance 
aspects. 

[0029] Furthermore, it is the object to provide a group 
delay compensation system that: 

[0030] 1. Is capable of dealing With imperfect stimulus. 

[0031] 2. Is capable of dynamic compensation for changes 
in system con?guration and channel characteristics such as 
different probing systems. 

[0032] 3. Provides reliable compensation With feedback to 
the user guaranteeing system performance. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0033] For a more complete understanding of the inven 
tion, reference is made to the folloWing description and 
accompanying draWings, in Which: 
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[0034] FIG. 1 is a block diagram of the group delay 
compensator of the invention; 

[0035] FIG. 2 is the channel step response of a WM8600A 
DSO With poor group delay characteristics exhibited by the 
measurements of risetime, overshoot; 

[0036] FIG. 3 is this the channel step response of the same 
DSO Whereby the group delay compensation Was performed 
naively and has poor characteristics exhibited by the mea 
surement of preshoot; 

[0037] FIG. 4 is the channel step response of the same 
DSO Whereby the group delay compensation Was performed 
properly exhibited by the measurements of risetime, over 
shoot and preshoot; 

[0038] FIG. 5 is the uncompensated channel group delay 
characteristic as a function of frequency along With a poWer 
curve estimation of that characteristic; 

[0039] FIG. 6 is a block diagram shoWing the calibration 
equipment and their arrangement for the calibration of the 
group delay compensation system in a WM8600A; 

[0040] FIG. 7 and FIG. 8 shoW dialog pages Within the 
WM8600A that are used for the con?guration of group delay 
measurement, allpass ?lter ?tting, evaluation, performance 
measurement, grading and optimiZation; 

[0041] FIG. 9 is a Nassi-Schneiderman (NS) diagram 
describing the details of an iteration of the Levenberg 
Marquardt algorithm used by the allpass ?lter ?tter; 

[0042] FIG. 10 shoWs the implementation of a three 
section allpass ?lter; 

[0043] FIG. 11 shoWs the result of the allpass ?lter ?tter 
and demonstrates its compliance to a group delay compen 
sation speci?cation; 

[0044] FIG. 12 is used in conjunction With the text to 
explain hoW risetime, overshoot, and preshoot are measured; 

[0045] FIG. 13 shoWs fuZZy membership sets used in a 
fuZZy logic grading system; 

[0046] FIG. 14, FIG. 15, FIG. 16, and FIG. 17 describe 
the steps used in performance optimiZation; 

[0047] FIG. 18 is a surface plot of the overall system 
performance score as a function of the optimiZer output 
control variables; 

[0048] FIG. 19 contains diagrams that demonstrate hoW 
the performance optimiZation balances the speci?cations for 
risetime, overshoot, and preshoot; 

[0049] FIG. 20 illustrates the group delay compensation 
possibilities that Were investigated during performance opti 
miZation along With the group delay of the uncompensated 
channel and the group delay compensation chosen; and 

[0050] FIG. 21 shoWs the compensated and uncompen 
sated group delay characteristic for the purpose of illustrat 
ing that the system performance cannot be optimiZed merely 
by considering the group delay characteristics in isolation. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0051] FIG. 1 shoWs a block diagram of a group delay 
compensator system 100 that accomplishes these objectives. 
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[0052] As is shown in FIG. 1, a calibration stimulus 
generator 1 is provided. When the system is calibrated, 
calibration stimulus generator 1 is sWitched into a front-end 
ampli?er 3 via a sWitch 2. Under this con?guration, the 
stimulus from calibration stimulus generator 1 is acquired 
via the analog channel consisting of front-end ampli?er 3, an 
ADC 4, into an optional memory (not shoWn) and on 
through a magnitude compensator 35, and averager 5. The 
stimulus is acquired and averaged repeatedly to form a 
high-sample rate, loW noise rendering of the stimulus. The 
result is retained as a channel response to the stimulus 6. 
Alternatively, external hardWare, such as a probe connected 
to the input, could be connected to the external output of the 
calibration stimulus generator 7 such that any acquisitions 
Would include the characteristics of the external hardWare in 
the channel response to stimulus 6. 

[0053] Previously, the stimulus generated by calibration 
stimulus generator 1 Was acquired and digitiZed by a high 
bandWidth, high accuracy instrument and stored as an actual 
stimulus 8. This forms the point of performance traceability. 
The accuracy of the entire calibration Will depend on the 
accuracy of the actual stimulus 8, so it must have been 
acquired using highly precise methods. 

[0054] A channel impulse response 9 is determined by 
deconvolving the channel response to the stimulus 6 With the 
actual stimulus 8 using a deconvolver 10. 

[0055] The channel impulse response 9 is passed to 12 
Which calculates the frequency response of the channel and 
further to 14 Which differentiates the phase With respect to 
frequency to form the group delay characteristic of the 
channel. This forms the input to group delay speci?cations 
generator 15. 

[0056] Preceding 15 is the optimiZation system 16. 16 
takes an optimiZation strategy provided by 17 and uses this 
strategy to generate a search. This begins With selecting 
control variables (or design rules) 18 that, When passed to 15 
cause 15 to adjust the speci?cation provided by 14. This is 
generally performed by adjusting some function approxima 
tion of the group delay characteristic, like a poWer curve 
approximation. 
[0057] It shall be evident that the utiliZation of the channel 
group delay characteristic provided by 14 as an input to 15 
is an ef?cient, but not essential aspect. The group delay 
speci?cations generator 15 could just as Well generate group 
delay speci?cations independently of the actual group delay 
characteristics measured. 

[0058] The group delay speci?cation generated by 15 is 
passed to allpass ?lter ?tter 19. 19 then calculates the 
coef?cients of a digital all-pass ?lter meant to compensate 
the group delay provided by 15 utiliZing design rules 20. 

[0059] Allpass ?lter ?tter 19 utiliZes a nonlinear equation 
solver. This is a source of unreliability since there is no 
guarantee that a nonlinear equation solver Will succeed. If, 
hoWever, the state-space dictated by control variables 18 is 
bounded, then the possibility exists for precalculation (or at 
least pretesting) the effect of every possible control variable 
on the ?lter coef?cients. In other Words, the reliability of 
these areas can be guaranteed. The aforementioned usage of 
a function approximation to the measured group delay at the 
output of 14 has a shielding effect that improves reliability 
because ?lter ?tter 19 does not have to deal With a bumpy 
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characteristic to ?t, but instead deals With a smooth curve 
With a bounded set of conditions. Fits to bumpy curves 
involve many local minima that can lead to convergence 
failure. 

[0060] The coef?cients generated by 19 are then loaded 
into the ?lter coef?cient area 21 and into the bank of digital 
all-pass ?lters depicted by 22. The reason that there is a bank 
of ?lters is because the sample rate of the ?lters being 
designed to compensate the channel Will not necessarily be 
the same sample rate of the stimulus—in fact it is usually 
much less. Furthermore, the sample rate of the system being 
compensated, if loWer than the sample rate of the stimulus, 
Will not be suf?ciently sampling the channel to provide 
accurate measurements of vital time-domain parameters 
With a single-shot acquisition. 

[0061] Once coef?cients 21 have been generated, the 
time-domain response characteristics can be evaluated. 

[0062] This begins With the generation of an ideal stimulus 
11. This stimulus is the stimulus for Which We Want the 
system optimiZed. 11 is convolved With the channel 
response 9 utiliZing the convolver 13. The result is the 
channel response to the ideal stimulus 11. Note that this 
process overcame the dif?culty of generating a perfect 
stimulus. 

[0063] As mentioned previously, the sample rate of the 
?lter system being designed Will often be loWer than the 
sample rate With Which the desired stimulus Was generated. 
For this reason, the result of convolver 13 is passed through 
a loW-pass ?lter (LPF) 23 and doWnsampled by 24. LPF 23 
is an anti-aliasing ?lter and is designed to ideally provide 
unity gain out to half the system sample rate and pass no 
signal thereafter. 

[0064] DoWnsampler 24 doWnsamples by a factor N that 
is equal to the sample rate of the desired stimulus 11 divided 
by the sample rate of the system being compensated. If the 
factor N is not integer, then the output of LPF 23 is 
resampled to make it integer. DoWnsampler 24 is not simply 
a decimator, but rather it has N polyphase outputs depicted 
by 25. Each phase is fed through multiple, identical phase 
compensation ?lters under evaluation. Each ?ltered output is 
fed into the polyphase inputs 26 of upsampler 27. In this 
manner, the result of applying the desired stimulus 11 to the 
combination of the analog channel and the phase compen 
sation ?lter de?ned by ?lter coef?cients 21 is generated. 
This resulting Waveform is then passed to the measurer 28. 
The measurer simply measures parameters of interest 
according to measurement options 29 and outputs them 
through its parameter output 30 to the grading system 31. 
The job of the grading system is to produce a grade or score 
32, Which is a function of the measured parameters 30. 
Grading system 31 applies grading rules 33, to generate a 
rating of performance. As a side effect, measurer 28 and 
grading system 31 produce a set of performance results 34 
that can be output and vieWed externally for performance 
veri?cation. 

[0065] Score 32 is passed to optimiZation system 16 and 
We have come full circle. OptimiZation system 16 noW has 
the score of the phase compensation ?lter With respect to its 
output variables—in effect, it has a multi-dimensional coor 
dinate in the state-space. 

[0066] At this point optimiZation system 16, folloWing 
optimiZation strategy 17, iterates, adapting its output vari 
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ables such that the score 32 is maximized or the system 
performance results 34 are adequate. This forms a closed 
loop system such that When optimization system 16 has 
completed, ?lter coef?cients 21 are those such that the 
performance is optimum and has the performance results 
given by 34. 

[0067] Assuming the optimiZation system 16 and optimi 
Zation strategy 17 are sufficient, the control variables 18 can 
be found such that the score 32 is maXimiZed. Although this 
score maXimiZation does not guarantee that the speci?ca 
tions are met, it does guarantee that the best possible 
performance tradeoffs have been made since the score itself 
is based on grading rules 33 supplied. 

[0068] Observe that the maXimiZation of the score did not 
depend on the absolute group delay characteristics of the 
resultant compensator, only on the ability of the compensa 
tor to maXimiZe the performance aspects measured. 

[0069] Observe also that this method of optimiZation has 
desensitiZed the system to errors in the actual group delay 
compensation. This feature is understood by realiZing that 
the bottom line is that a particular set of control variables 18 
produces a particular set of ?lter coef?cients 21 that, When 
evaluated, results in a particular score 32. It is unknoWn and 
essentially unimportant Why one set of control variables 
produces a better score than another. 

[0070] Filter coef?cients 21 are then loaded into the phase 
compensation ?lter for the channel (36) and in conjunction 
With the magnitude compensation ?lter 35 is used to ?lter 
user input signals 37 and provide compensated output sig 
nals 38. 

[0071] This system is preferably utiliZed in a WM8600A 
DSO for the purpose of optimiZing the risetime With a side 
bene?t of improving the overshoot and an adverse side effect 
of introducing preshoot, but may be used in any appropriate 
digital storage oscilloscope. The application of obvious 
modi?cations to this speci?c implementation to suit other 
applications shall be considered embodiments of this inven 
tion. 

[0072] The WM8600A, for eXample, contains four chan 
nels operating over a gain range of 10 mV/vertical division 
(10 mV/div) to 1 V/div. Typically, it operates in ?Xed steps 
of 10, 20, 50, 100, 200, 500 and 1000 mV/div. Each channel 
has a different phase characteristic as a function of V/div 
setting. Furthermore, internal to the instrument, there is an 
additional four possible settings of the front-end ampli?er. 
The description of these settings is beyond the scope of this 
document, but it is suf?cient to note that these four settings 
also affect the phase. 

[0073] The combination of channels, V/div ranges, and 
front-end ampli?er settings produces a total of 112 different 
phase characteristics for the instrument. 

[0074] All of the settings that produce these various char 
acteristics are calibrated at the factory in the arrangement 
shoWn in FIG. 6. The channel of the 8600A 48 is connected 
to the output of the attenuator 43. The step generator 39 
consisting of a pulser 40 and pulse head 41 delivers an edge 
through the attenuators 42 and 43 into the channel of the 
8600A 48. 

[0075] While the input edge is 15 ps, the output of the 
attenuators is a much sloWer, degraded step. The major 
contributor to the degradation is skin-effect. 
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[0076] The trigger input is connected via a cable 46 to the 
trigger output of the step generator 39. 8600A 48 is also 
connected to a local area netWork 49. During calibration, the 
8600A 48 accepts remote commands via the netWork 49 
from a computer 50 also connected to the netWork 49. 
Computer 50 commands the 8600A 48 to assume a speci?ed 
V/div and front-end ampli?er con?guration under test. Com 
puter 50 then directs a programmable attenuator driver 45 
over a General Purpose Instrument Bus (GPIB) connection 
51, specifying the proper amount of attenuation from the 
programmable attenuators 42 and 43 such that the 9V signal 
from the step generator 39, occupies 80% of the vertical 
screen When acquired by the 8600A 48. 8600A 48 is then 
directed by the computer 50 to adjust its offset to center the 
signal, and to adjust its time/horiZontal division (T/div), 
trigger threshold and trigger delay such that the leading edge 
of the step appears centered horiZontally in a WindoW of 5 
ns duration. Averaging is turned on in the 8600A. 1000 
Waveforms are acquired and averaged, resulting in a 1000 
point equivalent time Waveform With a 200 GS/s sample 
rate, Which is then uploaded to computer 50 over the 
netWork 49. 

[0077] Computer 50, running a calibration program con 
sistent With the intent of this invention, deconvolves this 
acquisition With a result obtained previously by acquiring 
the signal generated under these eXact conditions With the 
sampling scope 44 to generate the channel impulse response. 
Then, it convolves this With a prescribed ideal step internally 
generated to simulate a second order, critically damped 
(Q=0.5) system With a risetime of 50 ps to generate the 
channel response to the desired stimulus. This result is 
passed back via the netWork 49 to the 8600A 48 Where it 
stores this result on its hard-disk for later use. 

[0078] The deconvolution-convolution step accounts for 
the degraded step that arrives at the output of 43. 

[0079] This operation is repeated for all 112 combinations 
and the 8600A 48 is removed from the calibration setup. 

[0080] When the 8600A is operated at a particular front 
end ampli?er output con?guration at a particular V/div 
setting at a particular sample rate on a given channel, it must 
complete the calibration by building a group delay compen 
sation ?lter. In practice, this operation is performed at the 
factory in a self-test arrangement. The 8600AutiliZes a ?lter 
caching arrangement that alloWs these compensation ?lters 
to be built once and stored on the hard disk. The control of 
the ?lter cache is shoWn in the dialog in FIG. 7 in the cache 
control area 52 Where ?lter reads 53, Writes 54 and overWrite 
55 enables are speci?ed. Generally, these are set to read and 
Write, as shoWn, so that ?lters are read from the disk if they 
eXist and Written to the disk after a build if they did not eXist. 

[0081] For the purpose of this explanation, assume that a 
?lter does not eXist and needs to be built at a particular 
setting. To begin the build, the appropriate channel response 
to the desired stimulus is read from the hard disk. The 
derivative is calculated folloWed by the application of a 
Kaiser-Bessel WindoW With a value for alpha as speci?ed in 
65. The Kaiser-Bessel WindoW is Well knoWn. Then, the 
Chirp-Z Transform (CZT) is calculated such that the result 
is a set of N+1 equally spaced points (Where N is speci?ed 
by 57) betWeen 0 HZ and the maXimum frequency of 
compensation speci?ed by 58. The CZT is utiliZed because 
it can provide an arbitrary number of points in an arbitrary 
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frequency range. In addition, only a power of tWo FFT is 
needed internally. The CZT is Well knoWn. The phase is then 
calculated and unwrapped utilizing a maximum phase 
change speci?ed in 59, and the group delay is calculated 
utiliZing Equation 1. All of these calculations are Well 
knoWn. 

[0082] This calculation results in the measured channel 
group delay characteristic described as a coordinate vector 
containing N+1 elements such that each coordinate: (f[n], 
gdmeas[n]) describes the measured group delay With respect 
to frequency, Where n is an integer such that ne[0, N]. 

[0083] If a magnitude compensator (or any other digital 
?lter is also in use), its group delay must be accounted for. 
This is done by plotting the group delay of the magnitude 
compensation ?lter at the frequency points f[n] and adding 
this delay point by point to the group delay of the channel 
calculated. Furthermore, as Will be explained shortly, the 
magnitude compensation ?lters appear in cascade With the 
allpass ?lter under evaluation. By adding the group delay of 
the magnitude compensator to the calculated group delay of 
the uncompensated system and by cascading the magnitude 
compensator With the allpass ?lter under evaluation, the 
proper effect is achieved. 

[0084] NoW that the proper stimulus has been generated 
and the group delay characteristic has been measured, We 
turn our attention to the optimiZer element. 

[0085] As mentioned previously, it is the job of the opti 
miZer element to optimiZe the performance of the channel. 
This is performed by specifying output control variables and 
reading the score at its input. In this sense, it is a closed loop 
system. 

[0086] Before discussing the details of optimiZation, the 
closed loop circuit Will be explained. In other Words, the 
operation from the speci?cation of a set of control variables 
at the optimiZer output around the path back to the score 
input, Without regard for the strategy of selecting these 
output control variables Will be described. Once this has 
been explained, the optimiZation strategy Will be discussed 
in detail. 

[0087] In the 8600A, the optimiZer speci?es tWo output 
control variables called poWer and vernier. These values are 
provided to the compensation speci?cation generator. 

[0088] The compensation speci?cation generator ?rst ?ts 
the measured group delay characteristic of the uncompen 
sated system to the folloWing equation: 

[0089] Where f is frequency, P is the poWer provided by 
the optimiZer, and A is a value that minimiZes the mean 
squared error betWeen the measured group delay character 
istic of the uncompensated channel and the evaluation of 
Equation 3. In other Words, A is chosen such that the 
folloWing equation is minimiZed: 

Equation 3 

l P 2 Equation 4 
W 2 (mm, — A in 
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[0090] The value of A that accomplishes this is: 

Equation 5 

[0091] The group delay speci?cation is calculated by 
generating another N+1 element coordinate vector (f[n], 
gdspec[n]) using the folloWing equation: 

[0092] Where V is the vernier value provided by the 
optimiZer. Thus, the group delay speci?cation is a 
modi?ed approximation of the actual group delay 
characteristics of the channel. The group delay speci 
?cation is then passed to the allpass ?lter ?tter. The 
allpass ?lter ?tter utiliZes design rules 51 read from 
a ?le and con?gurable through a dialog shoWn in 
FIG. 7, the group delay speci?cation provided and 
an equation solver to resolve allpass ?lter coef? 
cients that compensate for the group delay speci? 
cation provided. 

Equation 6 

[0093] The allpass ?lter is an in?nite impulse response 
(IIR) ?lter consisting of multiple, cascaded biquad sections. 
The number of sections is speci?ed by the degree of com 
pensation 61. Generally speaking, a higher degree of com 
pensation results in a larger ?lter that takes longer to execute 
but provides tighter compliance to the speci?cation. 

[0094] An analog allpass ?lter section looks like this: 

m0 + 02 Equation7 
— — -s w 

[0095] Where 000 is the center frequency (in rad/s) 
and Q is the quality factor. Provided the system is 
underdamped (Q>0.5), this ?lter section has a pair of 
poles that are complex conjugates. One pole is 
located at: 

_ m0 +4 m0 4 2 1 Equation8 

0”‘m l E Q - 

[0096] The other is located at Re(o)—j-Im(o). Similarly, it 
has tWo Zeros that are complex conjugates. One Zero is 
located at oRe(o)+j-Im(o) and the other at —Re(o)—j-Im(o). 

[0097] This ?lter affects the group delay (and phase) but 
does not affect the magnitude response. 
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[0098] The maximum group delay of such a ?lter stage 
occurs at: 

Equation 9 

[0099] Which is always less than 000, but approximately 
equal to 000 for high Q values. 

[0100] The maximum group delay provided at (nm is: 

4- Q Equation 10 

[0101] A digital allpass ?lter is created by utilizing the 
matched z-transform. The matched z-transform involves a 
simple substitution for pole and zero locations: 

4 : er? Equation 11 

[0102] Where Fs is the sample rate. 

[0103] This substitution leads to the following transfer 
function: 

1 [ 1] Equation 12 
Z Z Z _(1—§)-(1—Z) 

m (Poo-Z) 

[0104] Where the transfer function has been normalized 
for unity gain. 

[0105] Equation 12 can be rearranged in the form: 

'3 + [1.51 + [2 Equation 13 

[0106] Where: 

[0107] The goal of the allpass ?lter ?tter is to generate 
coef?cients 0t and [3 for each section of the ?lter such that the 
group delay speci?cation is compensated. This means that 
the group delay of the allpass ?lter added to the group delay 
speci?cation should equal a constant value (Where this 
constant value is the absolute delay provided by the ?lter as 
an unavoidable side effect). 
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[0108] The group delay of a ?lter section in Equation 13 
is: 

[0109] For a ?lter containing S sections, the total group 
delay provided is: 

cpmmpq) = ZD[cOS[2.,r. as, A] Equation 16 
s 

[0110] Where se[0, S). 
[0111] The goal of the ?lter ?tter can be clari?ed to 
calculate the coefficients 0t and [3 for each section such that 
the folloWing equation is minimized: 

l 
mse : m (gdspecn + GDcomp(fn) — DWJZ 

n 

Equation 17 

[0112] Since DCOnSt is arbitrary, the zero frequency group 
delay of the ?lter can be utilized, and the situation simpli 
?ed: 

Equation 18 

[0113] Where: 
GDCQEPIEIU)=GDwmp(fn)—GDwmp(O) Equation 19 

[0114] In order to minimize Equation 18, the point at 
Which the gradient is zero is determined. In other Words, a 
(local) minimum is reached When values of the ?lter coef 
?cients (x5 and [35 are found for all s such that the partial 
derivative of the mean-squared error With respect to all 
coef?cients are zero When the ?lter group delay is evaluated 
at these coef?cient values. 

[0115] This means that the partial derivative With respect 
to any coef?cient is described to be zero: 

6 
mse=0and 6b mse=0 

s s 

[0116] for all s. The evaluation of these partials leads 
to: 

6 _ 2 Equation 20 

05am“ _ N + 1 ' 

6 
Z (anmmprmm + gdmn )- 5 00.0mm) And 
n 














